As one emerging plasmonic material, graphene can support surface plasmons at infrared and terahertz frequencies with unprecedented properties due to the strong interactions between graphene and low-frequency photons. Since graphene surface plasmons exist in the infrared and terahertz regime, they can be thermally pumped (excited) by the infrared evanescent waves emitted from an object. Here we show that thermal graphene plasmons can be efficiently excited and have monochromatic and tunable spectra, thus paving a way to harness thermal energy for graphene plasmonic devices. We further demonstrate that "thermal information communication" via graphene surface plasmons can be potentially realized by effectively harnessing thermal energy from various heat sources, e.g., the waste heat dissipated from nanoelectronic devices. These findings open up an avenue of thermal plasmonics based on graphene for different applications ranging from infrared emission control, to information processing and communication, to energy harvesting.
I. INTRODUCTION
The manipulation of optical fields and energy flow of light plays a pivotal role in communication and information technologies. Among various means of controlling light, surface plasmons (SPs), known as the coupled excitations of photons and free electrons, enable confinement and control of electromagnetic energy at the subwavelength scale and thus bridge optics and nanotechnology. Noble metals such as gold and silver are widely used plasmonic materials in the visible and near-infrared range. However, metal SPs in the infrared and terahertz range (e.g., dual-conductor transmission-line modes [1] ) usually have a large wavelength comparable to that of free-space photons and thus cannot truly squeeze the light down to deep subwavelength scale, especially in propagating direction. Recent studies have shown that graphene, a two-dimensional single layer of carbon atoms, can support propagating SPs with unprecedented properties at infrared and terahertz frequencies due to the strong interactions between graphene and low-frequency photons [2, 3] . More importantly, graphene surface plasmons (GSPs) can be confined to an extremely small dimension, on the order of 10 2 times smaller than the diffraction limit, and can be tuned over a wide range by gating or doping [3] . Hence, graphene has emerged as a promising plasmonic material for tunable infrared or terahertz light sources [4] , subwavelength optical circuits [5] , robust and cost-effective photodetectors for terahertz radiation [6] [7] [8] [9] [10] [11] , and nanoelectronic devices with strong light-matter interactions [12] , to name a few.
In spite of the unique properties of GSPs, launching GSPs remains challenging because of the large wave-vector mismatch between GSPs and free-space light waves [13] . Moreover, active light sources currently used for exciting GSPs, such as infrared lasers, cannot be easily miniaturized and integrated into optoelectronic circuits [2, 14] . Since GSPs exist in the infrared and terahertz regime, they can be thermally * Corresponding author: sshen1@cmu.edu excited by the infrared evanescent waves emitted from an object [15] . However, compared with active light sources like lasers, thermal emission usually has a broad spectrum with low output power limited by the blackbody radiation [16] . In this paper, by directly solving stochastic Maxwell's equations, we show that thermal GSPs can be efficiently excited and have monochromatic and tunable spectra. Furthermore, we demonstrate that thermal energy can be employed to transmit information via GSPs, enabling information communication with negligible cross talk. These results provide understanding of graphene in the areas of thermal science and nano-optics, implying that we can harness thermal energy to build various graphene plasmonic devices.
II. THERMAL EXCITATION OF MONOCHROMATIC AND TUNABLE GSPS
The key for efficiently launching monochromatic GSPs is to utilize the resonance of nanoscale thermal emitters. Previously, graphene nanoribbons and nanodisks have been discovered as high-Q plasmonic cavities, whose resonance frequencies can be tuned by designing their Fermi level and geometry [3] . Here we employ graphene nanoribbon thermal emitters (surface plasmon cavities in two dimensions) to excite GSPs on a coupled graphene sheet. To directly simulate the thermal radiation energy transfer and field intensity of graphene, we solve stochastic Maxwell's equations by both the fluctuating-surface-current (FSC) formulation and the Wienerchaos-expansion (WCE) formulation under the framework of the two-dimensional (2D) boundary element method (BEM) [17, 18] (see Appendix). As shown in the schematic of Fig. 1(a) , a graphene nanoribbon thermal source with width W and Fermi level E F is placed in proximity to a graphene sheet at a nanoscale gap d. Similar suspended graphene nanoribbon structures have been experimentally realized in Refs. [19] [20] [21] . Electromagnetic energy output from a thermal source is usually understood as the radiation from thermally induced random dipoles in the source [22] . When the nanoribbon emitter is close to graphene, the evanescent photons with large wave vector produced by the random dipoles enable the excitation of surface waves on the graphene sheet. In addition, thermal emission from a heat source in the near field (at a nanoscale gap) is not limited by the blackbody radiation [23] .
For the case of d = 50 nm, W = 50 nm, and E F = 0.2 eV, the thermal radiation field intensity and energy flow profiles (cross-sectional view) due to the graphene nanoribbon emitter are illustrated in Fig. 1(b) . Here the nanoribbon thermal emitter and the graphene sheet are maintained at 500 and 0 K, respectively, in order to demonstrate the effect of the nanoribbon thermal source. The mobility of graphene is set to be 10 000 cm 2 V −1 s −1 , which can be achieved by exfoliated graphene samples. The field intensity profile in Fig. 1(b) shows that the thermal radiation of the nanoribbon emitter excites the confined surface waves on the graphene sheet, which can spread a long distance from the emitter. The Poynting vector profile [green arrows in Fig. 1(b) ] further confirms that the surface waves indeed carry energy and propagate away from the nanoribbon emitter. Due to the near-field effect, the output energy flux from the nanoribbon emitter to the sheet is 7 × 10 5 W/m 2 (total power normalized to the ribbon area), which is 2 orders of magnitude larger than the blackbody limit. Moreover, the graphene nanoribbon thermal emitter is essentially an extremely efficient source for exciting graphene surface waves because of the significant enhancement of the photon local density of states (PLDOS) in the near field [24] . In this case, almost 100% of the energy output from the nanoribbon is converted to surface waves through evanescent photons, and only 0.01% of the energy output leaks to the far-field surroundings due to propagating photons.
To investigate the spectrum of the thermally excited surface waves, the spectral field intensity along the graphene sheet is plotted in Fig. 1(c) . It can be clearly seen that only the field intensity at ω = 2.3 × 10 14 rad/s spreads a long distance in the x direction on the graphene sheet [highlighted by the black dashed line in Fig. 1(c) ], which indicates the monochromatic excitation of the propagating GSPs. By designing the cavity modes (e.g., tuning the Fermi level and ribbon size), the peak frequency of the thermally excited GSPs by the graphene nanoribbon can also be controlled, as shown in Fig. 1(d) . For example, the Q factor is estimated to be ß20 for the graphene ribbon cavity with E F = 0.2 eV and W = 50 nm [the red curve in Fig. 1(d) ]. Despite the monochromatism, the thermally excited GSPs are incoherent because the source dipoles inside the emitter are random. Furthermore, the power of the thermally excited GSPs significantly depends on the ribbon-sheet separation due to the near-field effect. As shown in Fig. 1 (e) for graphene ribbons with different sizes and Fermi levels, the total power dramatically increases with reduced gap size.
To understand the mechanism of the thermal excitation of monochromatic GSPs, we perform the mode expansion of the thermally emitted photons in the (k z ,ω) space. There are two fundamental reasons to perform the mode expansion in the (k z ,ω) space: (1) Since the complex graphene structures proposed in this paper are 2D invariant (in the z direction), only the z component of wave vector k z and frequency ω of each photon are conserved. (2) The 2D BEM (together with the FSC formulation and the WCE method) allows us to calculate the exact contribution from each photo mode (k z ,ω) to the energy flux and the field intensity.
The total surface waves excited on the graphene sheet in Fig. 1(b) include the contributions from "long-range" propagating surface waves and "quickly decaying" surface waves. For the excited GSPs on the graphene sheet in Fig. 1(a) (except the projection area of the nanoribbon), its surface wave vector,
, the surface wave vector of intrinsic GSPs on a single graphene sheet. Its k x needs to be a real number in order to "propagate" or carry energy in the x direction. Therefore we divide the mode space (k z ,ω) into two regions by the dispersion curve k GSP (ω) of the intrinsic GSPs on a graphene sheet, as shown by the white curves in Fig. 2(a) . The first region corresponds to the modes with k z < k GSP , which are capable of exciting the propagating surface waves with real k x . The second region represents the modes with k z > k GSP , which can only excite the quickly decaying surface waves due to the imaginary k x . To further clarify the physical meaning of the two-mode regions in Fig. 2(a) , we plot the thermal radiation field profiles |E| 2 due to the modes from these two regions, as shown in Fig. 2(c) . It can be clearly seen that only the first mode region (k z < k GSP ) contributes to the excitation of the propagating GSPs, while the second mode region (k z > k GSP ) only leads to the quickly decaying surface waves, which are highly localized near the nanoribbon and do not carry substantial energy in the x direction.
As a result, the upper limit of the output power exciting propagating GSPs can be calculated by integrating the photon energy flux due to the first mode region (k z < k GSP ). The corresponding upper bound of the excitation efficiency of propagating GSPs is estimated to be 70% for the case with d = 50 nm, where the excitation efficiency is defined as the ratio between the energy flux carried by propagating GSPs and the total energy output from the nanoribbon emitter. Here, we also want to emphasize that the exact excitation efficiency of propagating GSPs depends on both the graphene material property and the structure geometry in real cases.
The separation between the graphene nanoribbon emitter and the graphene sheet can also strongly influence the excitation of GSPs. In order to excite GSPs, a small gap is required because only the evanescent photons can match the large wave vector of GSPs. However, if the gap is too small, the monochromatism of excited GSPs vanishes due to the strong coupling between the nanoribbon and the sheet. In Fig. 2(d) , we plot the spectral energy flux carried by the surface waves with k z < k GSP for both d = 50 nm and d = 15 nm. The frequency band of GSPs for d = 15 nm becomes much broader compared with the d = 50 nm case. The mechanism can also be revealed by the results of mode expansion. For the d = 50 nm case, the monochromatism of the thermally excited GSPs is attributed to the narrow bright area in the first mode region (k z < k GSP ) in Fig. 2(a) , which corresponds to the first-order cavity mode (or edge mode) of an individual graphene nanoribbon due to the optical confinement in the x direction. This consistence of the resonance modes in a graphene ribbon-sheet system with an individual graphene ribbon indicates the weak coupling between the ribbon and the sheet. For the d = 15 nm case, the resonance modes of the graphene nanoribbon are quite different from those of the 50-nm gap due to the strong coupling between the ribbon and the sheet. As shown in Fig. 2(b) , there exist no single "resonance modes" in the first mode region (k z < k GSP ), which contribute to the excitation of propagating surface waves.
III. INFORMATION COMMUNICATION VIA THERMAL GSPS
Based on the properties of the GSPs that are thermally excited by a graphene nanoribbon emitter, we design and demonstrate "thermal GSP interconnects." Superior to conventional optical circuits, GSP interconnects can achieve the thinnest possible platform and field confinement on the order 195411-3 of 10-100 nm, 100 times smaller than the infrared wavelength. In comparison with conventional SP interconnects, GSP interconnects work at the infrared range, and they can be easily tuned by modifying the Fermi level of graphene. To prove the concept, we study the systems which are composed of graphene nanoribbon transmitters and receivers. All the nanoribbons are separated from the graphene waveguide with a proper gap size so that they are all weakly coupled to the waveguide. A graphene nanoribbon transmitter transmits signals by being heated to a high temperature (e.g., by the Joule heating from an electrically biased graphene nanoribbon) and then exciting the GSPs thermally. Likewise, the graphene nanoribbon transmitter can be electrically modulated at high frequency, considering the extremely small thermal mass of the graphene nanoribbon. A graphene nanoribbon receiver receives or detects signals by absorbing the energy carried by GSPs. To date, graphene-based infrared light detectors have been demonstrated [6] [7] [8] [9] [10] [11] , all of which are required to absorb the light directly by graphene. Furthermore, due to the resonance property of graphene nanoribbons, the proposed thermal GSP interconnect allows us to selectively transmit information at the desired spatial and spectral positions.
The first system illustrated in Fig. 3(a) is composed of one transmitter A and two receivers B and C, all of which are 50-nm-wide nanoribbons and are separated from the graphene sheet waveguide with a 50-nm gap. To demonstrate the idea of long-range communications, the distances between A to B and B to C are set at 1.5μm, which is long enough to prevent the direct near-field coupling between adjacent nanoribbons. The Fermi level and mobility of the graphene sheet waveguide are set to be E F = 0.6 eV and μ = 10 000 cm 2 V −1 s −1 , respectively. In this case, the propagation distance of GSPs reaches 10 μm. Transmitter A is at 500 K, and the rest of the system, including the graphene waveguide and receivers B and C, is maintained at 300 K. Although the heated graphene waveguide can also excite GSPs thermally, they have no impact on receivers because there is no net energy flow from the waveguide to receivers. The information cannot be transferred without net energy flow in a reciprocal thermal system [25] . Transmitter A and receiver C have the same resonance frequency because both the Fermi levels are equal to 0.2 eV, whereas receiver B is designed to have a different resonance frequency by setting its Fermi level to be 0.5 eV. Practically, the Fermi level of graphene can be tuned by chemical doping or electric gating [26] . The energy flux spectra between transmitter A and receivers B and C are plotted in Fig. 3(b) . Although receiver B is closer to transmitter A than receiver C, receiver C receives much more energy than receiver B due to the match of graphene ribbon resonance frequency. The weak coupling between nanoribbons ensures that the information communication between transmitter A and receiver C is not interfered by receiver B. The weak coupling also leads to the high efficiency of the waveguide. The local energy flux distribution at the peak frequency of energy flux received by receiver C (ω = 2.3 × 10 14 rad/s) is shown in Fig. 3(c) . The energy dissipated in the graphene waveguide underneath receiver C (green curve) is negligible compared to the energy absorbed by receiver C (red curve). The total thermal energy fluxes from transmitter A to receivers B and C are calculated to be 3.7 × 10 2 and 1.8 × 10 4 W/m 2 , respectively, where the results are normalized to the area of the receiver. The high energy flux results from the near-field effect between the graphene ribbon and sheet, which has been demonstrated to be several orders of magnitude larger than the blackbody radiation. Quantitatively, the energy flux from transmitter A to receiver C is negligibly small (3.1 W/m 2 ) if the graphene sheet waveguide is absent. The dominant energy dissipation mechanism in this system is the intrinsic loss of GSPs on the graphene waveguide, which can be reduced by using high-mobility graphene.
The monochromatism of thermally excited GSPs allows the multichannel thermal information communication on a single waveguide, providing the possibility of integrating multiplegraphene-based thermoplasmonic devices together to form a complex GSP interconnection system. Consider a system with two transmitters A and B and two receivers C and D, as shown in Fig. 4(a) . The Fermi levels of receivers A and C are set to be 0.2 eV, whereas the Fermi levels of receivers B and D are set to be 0.1 eV. The width of the nanoribbons, the gap between the nanoribbons and the graphene waveguide, and the material properties of the graphene waveguide are chosen to be the same as with the previous system in Fig. 3 . The graphene nanoribbons are also separated from their adjacent nanoribbon by a large distance of 1.5 μm. The energy flux spectra of this system are plotted in Fig. 4(b) . Since thermally excited GSPs by transmitters A and B are monochromatic at different frequencies, the cross-talk energy transfer of A → D or B → C is about 1 order of magnitude smaller than the energy transfer through the desired channels (A → C or B → D), as shown in Fig. 4(b) .
IV. CONCLUSION
In summary, thermal excitation of GSPs provides unprecedented opportunities for both thermal science and nanophotonics. Our numerical calculations demonstrate that 195411-4 thermal energy can be efficiently converted into the monochromatic and tunable propagating GSPs. Therefore, the plasmonics theory and methods can be applied to manipulate the thermal energy (e.g., GSP waveguide, GSP modulator, GSP detector, etc.). Graphene nanoemitters can be designed to have specific output spectra as guided by the optical cavity theory. More importantly, the power of thermally excited GSPs is not limited by the blackbody radiation due to near-field energy transfer. While the exfoliated graphene samples with high mobility demonstrate the potential to be infrared SP waveguides, other low-loss infrared SP waveguides (e.g., dual-conductor transmission line metal waveguide) can also be adopted to transmit thermal signals in this scenario. This is because the near-field waves radiated by the graphene nanoemitter can also excite the propagating SP transmissionline modes. As a result, "thermal GSP interconnects" can be realized to effectively harness thermal energy and used to transmit information.
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APPENDIX A: THERMAL RADIATION SIMULATION
The principle of directly calculating thermal radiation is to exactly solve stochastic Maxwell's equations. Under local thermal equilibrium, the thermally induced random currents j are incoherent and their intensities can be evaluated by the fluctuation dissipation theorem: j (r,ω) = V (ω,T )dW (r), where
is a deterministic function related to the relative permittivity r of the material, the local temperature T , and frequency ω, and dW (r) is the white noise function indicating the spatial incoherence. After incorporating the random current j into Maxwell's equations, thermal radiation can be calculated by averaging the energy flux or the energy density of electromagnetic waves from the random currents. In addition, using stochastic electrodynamics to calculate the thermal radiation of graphene and other materials has been justified by previous experimental works [27, 28] . To solve stochastic Maxwell's equations, rather than evaluating the contribution from each incoherent random dipole inside emitters, which is extremely computationally expensive, we apply the FSC formulation [17] and the WCE formulation [18] to evaluate the thermal radiation energy flux and the field profile of graphene.
Fluctuating-Surface-Current formulation
Under the framework of the BEM, the FSC formulation calculates the thermal radiation energy flux with O(N 3 ) computation steps, where N is the number of boundary elements used to discretize the geometries. It is as efficient as solving deterministic Maxwell's equations with coherent sources in the BEM (e.g., calculating energy absorption of objects due to an external plane wave). Specifically, in local thermal equilibrium, the FSC formulation states that the ensemble-averaged flux spectrum
where sym(X) =
is the Planck distribution. As specified in Ref. [17] , G e (or G a ) is the self-interaction matrix that describes the electromagnetic interactions between any two boundary elements on the surface of a thermal emitter (or absorber). M is the BEM matrix and is equal to the summation of all the self-interaction matrices of each body (the exterior vacuum space is also counted as a body). The local energy flux can be obtained from the main diagonal terms of the resultant matrix inside the bracket of Eq. (A1).
Wiener-chaos expansion formulation
The WCE formulation not only calculates the thermal radiation energy flux, but also provides the field intensity profile. The underlying principle is to apply the Wiener chaos expansion to expand the random currents j using the deterministic orthonormal basis functions {f i (r)} defined inside the thermal emitters, i.e., j (r,ω) = V (ω,T )dW (r) = V (ω,T )
where {c i } are the independent random variables [18] . As a result, the thermal radiation energy flux and field intensity due to the random currents are equal to the summation of the contributions from each deterministic current distribution j i = V (ω,T ) × f i (r). Furthermore, if the orthonormal basis is chosen in the multipole expansion form (e.g., the sinusoidal basis for a graphene nanoribbon), Eq. (A2) can be fast converging. Therefore the summation can be truncated, and a certain number of lower-order terms are enough to achieve good accuracy. The WCE formulation can also be highly efficient with the computational time complexity of O(N 3 M) under the framework of BEM, where M is the number of basis functions being expanded. In our case, by choosing {f i (r)} in the sinusoidal forms, the result from the WCE formulation with the first six modes (M = 6) agrees well with the one from the FSC formulation.
APPENDIX B: RESISTIVE BOUNDARY MODEL OF GRAPHENE
Instead of approximating the atomic-thin graphene as a finite-thickness dielectric thin film with permittivity = 1 + iσ G /( 0 ωt) (t is the thickness), we model the graphene as a zero-thickness resistive boundary with a surface conductivity of σ G , where σ G is calculated based on the equations in Ref. [29] . In comparison with the thin-film approximation, modeling graphene as a resistive boundary in the BEM is more accurate, efficient, and numerically stable. The validity of the resistive boundary in the BEM is described in Ref. [30] . Furthermore, we employ the principle of graphene thermal radiation based on the fluctuating electrodynamics formulation in Ref. [31] . The selfinteraction matrix of graphene in the BEM can be expressed as G graphene mn = β m ,
